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X-ray diffractionAbstract Titanium dioxide (TiO2) nanoparticles were prepared by the thermal plasma synthesis;
which give a highly crystalline product. Their morphological studies are carried out by using tech-
niques like SEM, EDAX, TEM and SEAD. Crystal size was calculated by XRD using Scherrer equa-
tion; which is observed at two current amperes; at 80 A size ranges between 25 and 30 nm and at 120 A
size ranges between 30 and 42 nm. Composition analysis was done by TEM–EDAX, FTIR and Fast
Fourier Transform techniques. The FTIR peaks clearly show that synthesized TiO2 nanoparticles are
in anatase phase; this phase is generally preferred because of its high photocatalytic activity, since it
has a more negative conduction band edge potential (higher potential energy of photogenerated
electrons), high speciﬁc area, nontoxic, photochemically stable and relatively in expensive.
ª 2011 King Saud University. Production and hosting by Elsevier B.V.D license.1. Introduction
Nanotechnology is the study of the control of matter on an
atomic and molecular scale. Generally nanotechnology dealswith structures of the size 1–100 nm or smaller, and involves
developing materials or devices within that size. It deals with
various structures of matter having dimensions of the order
of a billionth of a meter. While the word nanotechnology is rel-
atively new, the existence of functional devices and structures
of nanometer dimensions is not new, and in fact such struc-
tures have existed on the Earth as long as life itself (Charles
et al., 2004).
Nanomaterials have gained importance due to an overall
enhancement of properties like mechanical, electrical, optical,
magnetic, etc., as compared to its bulk counterpart. Materials
reduced to the nanoscale can suddenly show very different
properties compared to what they exhibit on a macroscale
(Prasad, 2008). Many properties of solids depend on the size
range over which they are measured: The very high surface
area to volume ratio of nanoparticles. So, we can say that as
particle size reduces, there are more surface area and less
volume as compared to large size (Prasad, 2008).
Table 1 Physical properties of the titania polymorphs.
Crystalline phase Anatase Rutile Brookite
Band gap energy (eV) 3.2 3.0 3.2–3.8
Refractive index 2.49 2.61 2.58
Unit cell Tetragonal Tetragonal Orthorhombic
No. of TiO2/unit cell 4 2 8
Density (g/cm3) 4.26 3.84 4.11
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Surface effects:
1. More percent of atoms on surface compared to those pres-
ent in the bulk.
2. The increased surface area and surface atoms result in the
increase of surface energy associated with the particles.
3. Increasing the surface area of a substance generally
increases the rate of a chemical reaction.
Volume effects:
1. Lower wavelength (higher frequency, higher energy).
2. Magnetization increases when the particle is smaller than
the magnetic domain in a magnetic material.
3. In a free electron model average energy spacing increases as
the number of atoms reduce. This enhances the optical
properties of nanoparticles.
For example, sintering is possible for smaller particles at
lower temperatures and over shorter durations than for larger
particles. The surface effects of nanoparticles also reduce the
melting temperature; insulator becomes semiconductor or con-
ductor as the particle size is reduced; opaque substances be-
come transparent; inert materials attain catalytic properties;
high mechanical strength ðrÞ : r ¼ 1=ðd1=2Þ; stable materials
turn combustible; etc. (Prasad, 2008).
The element titanium was discovered in 1971 by William
Gregor, in England while studying mineralogy. He found a
black sandy substance and after he was assured that it was a
mineral, he called it Menachanite. Four years later a man
named Martin H. Klaproth recognized that there was a new
chemical element in this mineral, he later named it titanium
after the titans, which were humongous monsters that ruled
the world as per Greek mythology. Titania (titanium dioxide,
TiO2) is an abundant and commercially available n-type semi
conducting transition metal oxide and may be sourced as an
ore or by extraction from iron sands. Martin H. Klaproth
was not able to make the pure element of titanium, however,
he was only able to produce titanium dioxide (Linsebigler
et al., 1995).
Titanium dioxide (TiO2) is a semi-conductor, photocata-
lyst, anti-microbial metal oxide. When exposed to UV light
in the sub 400 nm range, TiO2 becomes a photo catalyst oxi-
dizer (PCO) as well which creates hydroxyl radicals and super
oxide ions which are two times stronger disinfectants than
chlorine and 1.5 times stronger disinfectant than ozone. TiO2
is safe and widely used in many household products such as
toothpaste, food and teeth whitening solutions. TiO2 nanopar-
ticles are successfully synthesized via Thermal Plasma Process.
Nano TiO2 liquid can be applied on fabrics, curtains, carpets,
woods, tiles, ceramics and glasses, even on metal and painted
surfaces. If the surface is exposed to direct sunlight, do not ap-
ply to black or very dark colored surfaces as the oxidation pro-
cess can remove some pigments from the surfaces.
For TiO2 nanoparticles, catalytic activity is dramatically in-
creased at particles sizes below 20 nm. TiO2 have three phases
they are as: anatase (tetragonal, band gap 3.3 eV), Rutile
(tetragonal, band gap 3.1 eV) and brookite (orthorhombic)
(Table 1). Generally TiO2 is preferred in anatase form because
of its high photocatalytic activity, since it has a more negativeconduction band edge potential (higher potential energy of
photogenerated electrons), high speciﬁc area, nontoxic, photo-
chemically stable and relatively in expensive. Thermal conduc-
tivity of TiO2 = 22 W m
1 k1, melting point of
TiO2 = 1941 K, boiling point of TiO2 = 3546 K. TiO2 appli-
cations: for wastewater remediation, as a photocatalyst, pig-
ment, etc.
Plasma consists of a collection of free moving electrons and
ions, neutrals. It is obvious that energy is needed to strip elec-
trons from atoms to make plasma. The energy can be generat-
ing from various origins for example, thermal, electrical, or
light. With insufﬁcient sustaining power, plasma recombines
into neutral gas. Some, or all, of the electrons in the outer orbi-
tal have been stripped away. The result is a collection of ions
and electrons, which are no longer bound together. Because
the particles are not neutral plasma behaves differently than
regular gases (Noordermeer et al., 2011). The ‘fourth state of
matter’ because it differs from them in several ways. Unlike
gases, solids, or liquids, plasma does not contain molecules. In-
stead, it is a gas that is composed of ions and electrons. So
plasma basically contains charged particles. (So collection of
only electrons or ions can be known as plasma, if have no.
of electrons = no. of ions for plasma it is called neutral plasma
otherwise non-neutral plasma.) Plasma is highly electrically
conductive. Plasma shows collective behavior (Linsebigler
et al., 1995).
2. Synthesis of nanomaterials
There are two ways in which nanomaterials can be synthesized.
(i) Top–down approach or breaking down process
Bulk material is broken down by mechanical processes like
ball milling to obtain ultraﬁne particles. However, there are
large limitations of this method and nanomaterials of effec-
tively small size are difﬁcult to obtain. This process is not com-
monly employed.
In electrochemical process, electrochemical etching is effec-
tively used to obtain nanomaterial. For e.g. porous silicon is
made from silicon wafer by etching it in a solution of HF
and ethyl alcohol and passing a few mA current in the solu-
tion. This method is employed in a few speciﬁc cases
(ii) Bottom–up approach or building up process
This is a widely used method for nanomaterial synthesis.
Under this approach there are various techniques available like
inert gas phase condensation (high vacuum process), plasma
synthesis (high temperature process), laser ablation, sol–gel
synthesis (wet chemical process), Chemical Vapor Deposition
(CVD) (Prasad, 2008).
Titanium dioxide is commercially very important as a white
pigment because of its maximum light scattering with virtually
no absorption and because it is nontoxic, chemically inert, and
Figure 1 Basic mechanism of thermal plasma synthesis for nanomaterials.
Figure 2 Schematic of the experimental set up.
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The existing and promising applications of TiO2 nanomaterials
include paint, toothpaste, UV protection, photocatalysis,
photovoltaics, sensing, and electrochromics as well as photo-
chromics. TiO2 nanomaterials normally have electronic band
gaps larger than 3.0 eV and high absorption in the UV region.
They are very stable, nontoxic, and cheap. Their optical and
biologically benign properties allow them to be suitable for
UV protection applications. Because of many interesting prop-
erties of TiO2, it ﬁnds wide applications in different ﬁelds (Oth-
mer, 1997; Quan et al., 2005; Fujishima and Rao, 1997).
Several synthesis methods of nano TiO2 reported are chem-
ical method (Mejı et al., 2009), sol–gel method (Walid et al.,
2008), low-temperature sol–gel method (Uddin et al., 2008).
wet chemical techniques for preparation of TiO2 suspension
and colloids (Bozzi et al., 2005), synthesis of TiO2 using argon
plasma (Vijay et al., 2009), synthesis of TiO2 using thermal
plasma (Kakati et al., 2008), etc. Advantages and disadvan-
tages of nonplasma methods: CVD is a widely employed meth-
od to grow nanomaterials – especially nanotubes, nanowires,
etc. (1-D structures). Advantages are it can be grown on a
large patterned substrate and oriented/aligned growth is possi-
ble. Disadvantage is use of a catalyst is essential and hence
purity is compromised. Sol–gel is also widely used for synthesis
of nanoparticles; especially semiconductor nanoparticles.
Advantages: large quantity synthesis, narrow size distribution,
small particle size (<10 nm) possible. Disadvantages: chemical
process varies depending on materials, compromises on purity,
large time scales and post synthesis treatment that is essential.
3. Thermal plasma synthesis
Advantages of thermal plasma method are high temperature
process (Fig. 1) – ceramic nanoparticles can also be synthe-
sized, plasma is a powerful medium to promote high rates of
chemical reactions, yields high purity products – no capping
agents are required unlike sol–gel, high vacuum conditions
not required – operates at atm. Pressure, low synthesis time
scales (in min) as compared to chemical methods, highly crys-
talline products are formed, number of parameters available
for controlling the growth, etc.4. Experiments
After this literature survey experiments have been done for
synthesis of nanotitania powder (Fig. 2).
4.1. Nanotitania synthesis procedure
First of all the apparatuses are cleaned with acetone. The tita-
nium block is ﬁxed on copper sample holder and the chamber
is closed. The titanium rod is ﬁxed and some distance is kept
between anode and cathode. The chilled water supply pump
is switched on for cathode cooling, and cables for anode and
cathode are ﬁxed. Now the power supply is switched on and
let the voltage be stable and current will be zero as it cannot
ﬂow through air. Safety gloves and welding goggles (for UV
and intense light protection) are used. Now the anode is taken
near cathode slowly with the help of rack and pinion mecha-
nism. As they touch current will start ﬂowing, note the current
value and take the cathode up, so plasma of air will form
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at that time start the stop watch. This has been run for some
deﬁnite time period and so titanium will melt and then start
evaporating. These vapors of titanium will start reacting with
oxygen molecules of air and so TiO2 powder will form as
deposits on the reactor wall as well as cover. After switching
off the power supply, the reactor is cooled for some time
and the experiment is repeated till the current can ﬂow
through. Do not open the reactor when hot, to avoid loss of
powder. It is cooled for at least 2–3 h and then the reactor is
opened and the powder is collected and analyses are done.Figure 3 ExperiThe experiment can be repeated for different time intervals
as well as different current values (Fig. 3).5. Results and discussion
5.1. Morphology studies
5.1.1. Scanning Electron Microscopy
It has been done using LEO s-440i instrument which has
tungsten ﬁlament for the generation of electron beam; it wasmental setup.
Figure 4 SEM images of nanotitania.
Figure 5 Zone of EDAX data.
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nologies (FCIPT), Institute of Plasma Research (IPR), Gandh-
inagar, Gujarat. Solution of synthesized titanium dioxide in
iso-propanol is deposited on polished silicon wafer and testedFigure 6 SEM Eunder SEM to observe the size and shape of nanoparticles
(Fig. 4).
5.1.2. Energy Dispersive Analysis of X-ray
SEM EDAX was carried out at the Facilitation Center for
Industrial Plasma Technologies (FCIPT), Institute of Plasma
Research (IPR), Gandhinagar, Gujarat. This shows major
peak of silicon as the sample was deposited on silicon wafer
so it is obvious, and the other highest peak is of titanium,
which indicates the absence of any other elements or impurities
(Figs. 5 and 6).
5.1.3. Transmission Electron Microscopy
Transmission Electron Microscopy was used to analyze the
samples of titanium dioxide. It has been done using JEOL
make instrument JEM2100 model; it was carried out at CSM-
CRI, Bhavnagar, Gujarat. For doing this analysis the synthe-
sized sample was dispersed in ethanol, this solution was
sonicated for 5 min and then dropped over carbon coated
300 mesh copper grid and dried for 3–4 h. After that imaging
was done using 200 kV acceleration voltage. It gave informa-
tion regarding the size, shape and crystal structure of nanopar-
ticles (Fig. 7). The formation of spherical dispersed particles
was observed and particle size ranges between 7 and 75 nm
from which maximum particles are in the range of 21 toDAX graph.
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nano-particles are spherical in shape and size ranging from
7 to 75 nm with an average particle size of 15 to 30 nm.)Figure 7 TEM images.
Figure 8 Particle size distribution.
Figure 95.1.4. Selected Area Electron Diffraction
It has been done using JEOL make instrument JEM2100 mod-
el; it was carried out at CSMCRI, Bhavnagar, Gujarat. The
crystallinity of the powder was analyzed by SAED pattern re-
corded from the TEM images. Fig. 9 shows the diffraction pat-
tern recorded for the sample synthesized for arc current of
80 A. The diffraction pattern showed a combination of both
rings as well as spots indicating not only high crystallinity
but also some amount of single crystal nature. The diameters
of the rings formed in diffraction were measured.
5.2. Crystallinity studies
5.2.1. X-ray diffraction
The powder of titanium dioxide synthesized by the arc plasma
was characterized by powder X-ray diffraction technique to
verify its phase as well as crystal size of nanoparticles. Fig. 10
shows XRD pattern recorded for the sample prepared under
the arc currents of 80 A and 120 A. Fig. 10(a) shows XRD pat-
tern recorded for the sample prepared under the arc current of
80 A. It can be seen that the major diffraction peaks recorded
are of 2h angles of 25.2800, 48.0000, 27.4400, 37.8400,
54.0000 and 55.0400 with ‘d’ values of 3.5202 A˚, 1.8939 A˚,
3.2478 A˚, 2.3757 A˚, 1.6967 A˚ and 1.6671 A˚, respectively, and
the majority of peaks (Table 2) shows the presence of anatase
phase. It has been done using Seifert make XRD 3000 PTS
model and CuK Alpha radiation was used in the powder
XRD method; it was carried out at Facilitation Center for
Industrial Plasma Technologies (FCIPT), Institute of Plasma
Research (IPR), Gandhinagar, Gujarat.
Fig. 10(b) shows XRD pattern recorded for the sample pre-
pared under the arc currents of 120 A. It can be seen that the
major diffraction peaks recorded are of 2h angles of 25.3998,
48.1199, 55.1410, 53.9620, 37.9024 and 62.8044 with ‘d’
values of 3.50673 A˚, 1.89098 A˚, 1.66567 A˚, 1.69924 A˚,
2.37385 A˚ and 1.47962 A˚, respectively, and here also the
majority of peaks (Table 3) shows the presence of anatase
phase. It has been done using XPERT-MPD and CuK Alpha
radiation was used in the powder XRD method; it was carried
out at CSMCRI, Bhavnagar, Gujarat.
From this XRD chart we can see that there is the highest
pick for anatase phase, which is desirable for our use and
now from XRD data we can calculate the diameter of TiO2
particles using Scherrer’s equation (Singh et al., 2009):SAED.
Figure 10(a) X-ray diffraction.
Figure 10(b) XRD graph for TiO2 synthesized using 120 A. DC arc plasma.
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where, k=wavelength of X-ray being used for XRD,
b=FWHM (Full Width Half Maximum), h= angle of dif-
fraction (Nyquist and Hagel, 1971).
At 80 A
(1) b= 0.2719= 4.7455 · 103 radian; 2h= 25.28, so
h= 12.64; Cos h= 0.9758.
So; d ¼ ð0:9 1:5419 A˚Þ=ð4:7455 103 radian 0:9758Þ
¼ 299:68 A˚
¼ 29:968 nm
(2) b= 0.3420= 5.969 · 103 radian; 2h= 48, so
h= 24; Cos h= 0.9135.So; d ¼ ð0:9 1:5419 A˚Þ=ð5:969 103 radian 0:9135Þ
¼ 254:5 A˚
¼ 25:45 nm
So the size of TiO2 particles is between 25 and 30 nm.At 120 A
(1) b= 0.1968= 3.433 · 103 radian; 2h= 25.3998, so
h= 12.6999; Cos h= 0.97553.
So; d ¼ ð0:9 1:54060 A˚Þ=ð3:433 103 radian 0:97553Þ
¼ 414:017 A˚
¼ 41:4017 nm
(2) b= 0.2460= 4.291 · 103 radian; 2h= 48.1199, so
h= 24.05995; Cos h= 0.9131.
Table 2 XRD data.
Sr. no. d (A˚) 2h () I Rel hkl plane Phase FWHM= b ()
1 3.5202 25.2800 100 101 Anatase 0.2719
2 3.2478 27.4400 20 110 Rutile 0.2512
3. 2.4874 36.0800 11 101 Rutile 0.2699
4 2.4254 37.0358 6 103 Anatase 0.3251
5 2.3757 37.8400 18 004 Anatase 0.3914
6 2.3329 38.5600 6 112 Anatase 0.3624
7 2.1893 41.2000 6 111 Rutile 0.2937
8 1.8939 48.0000 24 200 Anatase 0.3420
9 1.6967 54.0000 14 105 Anatase 0.8605
10 1.6857 54.3829 12 211 Rutile 0.4518
11 1.6671 55.0400 14 211 Anatase 0.4231
12 1.6233 56.6588 3 220 Rutile 0.4412
13 1.4785 62.8000 10 213 Anatase 0.4831
14 1.4785 62.8000 10 204 Anatase 0.4831
15 1.3634 68.8000 6 116 Anatase 0.4635
16 1.3372 70.3460 4 220 Anatase 0.5671
17 1.2648 75.0400 6 215 Anatase 0.4190
18 1.2477 76.2514 2 301 Anatase 0.5005
19 1.1648 82.8028 3 008 Anatase 0.9164
Table 3 XRD data for TiO2 synthesized using 120 A. DC arc plasma.
Sr. no. d (A˚) 2h () I Rel Phase FWHM= b ()
1 3.50673 25.3998 100 Anatase 0.1968
2 3.23729 27.5539 12.28 Rutile 0.1476
3 2.48428 36.1577 8.13 Rutile 0.1968
4 2.42668 37.0468 8.49 Anatase 0.1968
5 2.37385 37.9024 24.74 Anatase 0.1968
6 2.32723 38.6915 9.33 Anatase 0.1968
7 2.18058 41.4088 2.69 Rutile 0.2460
8 1.89098 48.1199 43.92 Anatase 0.2460
9 1.69924 53.9620 27.45 Anatase 0.1968
10 1.66567 55.1410 29.02 Anatase 0.2952
11 1.62577 56.6144 2.52 Rutile 0.5904
12 1.47961 62.8044 21.80 Anatase 0.2460
13 1.45256 64.1116 1.21 Rutile 0.3936
14 1.36232 68.9294 8.94 Anatase 0.3936
15 1.33852 70.3341 9.15 Anatase 0.2460
16 1.26410 75.0870 12.47 Anatase 0.1800
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¼ 353:879 A˚
¼ 35:3879 nm
(3) b= 0.2952= 5.1496 · 103 radian; 2h= 55.1410, so
h= 27.5705; Cos h= 0.8864.Figure 11 TEM EDAX graph.So; d ¼ ð0:9 1:54060 A˚Þ=ð5:1496 103 radian 0:8864Þ
¼ 303:759 A˚
¼ 30:3759 nm
So we can say the size of TiO2 particles is between 30 and
42 nm.
This clearly shows that the particle size increased with in-
crease of applied current during synthesis. So, we can synthe-
size nano-TiO2 of the desired range.Table 4 TEM EDAX result.
Element Weight% Atomic%
O 33.30 59.92
Ti 66.70 40.08
Total 100.00
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5.3.1. Transmission Electron Microscopy Energy Dispersive
Analysis of X-ray (TEM EDAX)
It has been done using JEOL make instrument JEM2100 mod-
el which has an attached detector OXFORD Instrument
INCA X-SIGHT model; it was carried out at CSMCRI,
Bhavnagar, Gujarat. The result of TEM EDAX indicates that
synthesized TiO2 is matching the theoretical stochiometric
composition (Fig. 11 and Table 4).
5.3.2. Fast Fourier Transform
FFT was done using JEOL make instrument JEM2100 model;
it was carried out at CSMCRI, Bhavnagar, Gujarat (Fig. 12).
But interpretation cannot be done because of insufﬁcient data.
5.3.3. Fourier Transform Infrared Spectroscopy (FTIR)
The titanium dioxide samples were analyzed using Fourier
Transform Infrared Spectroscopy and compared with standard
FTIR of TiO2. Fig. 13 shows standard FTIR spectra of com-
mercial grade TiO2, in which the broad absorption band atFigure 12 Fast Fourie
Figure 13 Standard FTIR spect770 cm1. Fig. 14 shows FTIR spectra recorded for the sample
prepared under the arc currents of 80 A and 120 A.
Molecules with covalent bonds may absorb IR radiation.
This absorption is quantized, so only certain frequencies of
IR radiation are absorbed. Radiation means energy is ab-
sorbed, the molecule moves to a higher energy state. The en-
ergy associated with IR radiation is sufﬁcient to cause
molecules to rotate if possible and to vibrate. The frequency
absorbed depends on the masses of the atoms in the bond,
the geometry of the molecules, strength of bond, etc. As the
bond length is reduced, frequency of vibration and rotation
will increase. So if the particle size is reduced from micro to
nano it must increase. So in IR spectroscopy IR radiations
are passed through the sample, and whenever, if IR frequency
matches with sample vibration or rotational frequency it will
be absorbed.
Here our FTIR spectrum shows almost same behavior as in
the standard and for most of transmission peaks wave number
and also frequency increase. As for TiO2 synthesized using
80 A. DC arc plasma absorption peaks are at wave numbers
of 2960 cm1, 2930 cm1, 2850 cm1, 2360 cm1, 2330 cm1,
1460 cm1, 670 cm1 which correspond to wave numbers ofr Transform (FFT).
ra of commercial grade TiO2.
Figure 14(b) Transmission mode FTIR spectra for TiO2 synthesized using 120 A. DC arc plasma.
Figure 14(a) Transmission mode FTIR spectra for TiO2 synthesized using 80 A. DC arc plasma.
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1350 cm1, 770 cm1, respectively, from the standard FTIR
spectra of TiO2, so it shows differences of 20 cm
1,
10 cm1, 0 cm1, 35 cm1, 5 cm1, 110 cm1, 100 cm1,
respectively, so in majority of peaks wave number increases.
For TiO2 synthesized using 120 A. DC arc plasma absorption
peaks are at wave number of 2960 cm1, 2930 cm1,
2870 cm1, 2350 cm1, 1460 cm1, 1420 cm1, 730 cm1 which
corresponds to wave number of 2940 cm1, 2940 cm1,
2850 cm1, 2325 cm1, 1350 cm1, 1350 cm1, 770 cm1
respectively from standard FTIR spectra of TiO2, so it shows
difference of 20 cm1, 10 cm1, 20 cm1, 25 cm1, 110 cm1,
70 cm1, 100 cm1 respectively, So here also in majority of
peaks wave number increases. So it conforms that synthesized
samples are TiO2 and are of nano size.
6. Conclusion
TiO2 nanoparticles are successfully synthesized via Thermal
Plasma Process. Advantages of this process are: yields high
purity products, no capping agents are required unlike sol–
gel, high vacuum conditions not required, operates at atm
pressure, low synthesis time scales (in min) as compared to
chemical methods, highly crystalline products are formed. Sev-eral techniques are used for the characterization of TiO2, like
Scanning Electron Microscopy (SEM), Energy Dispersive
Analysis of X-Ray (EDAX), X-Ray Diffraction (XRD),
Transmission Electron Microscopy (TEM), Selected Area
Electron Diffraction (SAED), Fast Fourier Transform (FFT)
and Fourier Transform Infrared (FT-IR). Results of all inves-
tigation conform that synthesized sample is anatase phase of
nano sized TiO2. Scherrer’s calculation showed that particle
size increased with increase of applied current during synthesis.
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